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APPARATUS FOR CHANNEL INTERLEAVING 
IN COMMUNICATIONS 

PRIORITY CLAIM 

[0001] This patent application claims the benefit of the filing date of United States 
Provisional Patent Application Serial No. 60/213,371, filed on June 23, 2000 and 
entitled APPARATUS OF A FOLD INTERLEAVER FOR DWDM COMMUNICATIONS, 
the entire contents of which are hereby expressly incorporated by reference. 

CROSS-REFERENCE TO RELATED APPLICATIONS: 

[0002] This patent application is related to co-pending application serial number 

, filed June 25, 2001 entitled FOLD INTERLEAVER (Docket No. 12569- 

05) and co-pending application serial number , file June 25, 2001 entitled 

TANDEM COMB FILTER (Docket No. 12569-09); all filed on the instant date herewith 
and commonly owned by the Assignee of this patent application, the entire contents of 
all which are hereby expressly incorporated by reference. 

FIELD OF THE INVENTION 

[0003] The present invention relates generally to optical devices and relates more 
particularly to an interleaver for optical communications and the like. 
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BACKGROUND OF THE INVENTION 

[0004] According to wavelength-division multiplexing (WDM) and dense 
wavelength-division multiplexing (DWDM), a plurality of different wavelengths of light 
are transmitted via a single medium such as an optical fiber. Each wavelength 
corresponds to a separate channel and carries information generally independently with 
respect to the other channels. The plurality of wavelengths (and consequently the 
corresponding plurality of channels) are transmitted simultaneously without interference 
with one another, so as to substantially enhance the transmission bandwidth of the 
communication system. Thus, a much greater amount of information can be transmitted 
than is possible utilizing a single wavelength optical communication system. 

[0005] The individual channels of a wavelength-division multiplexed or dense 
wavelength-division multiplexed signal must be selected or separated from one another 
at a receiver in order to facilitate detection and demodulation thereof. This separation 
or demultiplexing process can be performed or assisted by an interleaver. A similar 
device facilitates multiplexing of the individual channels by a transmitter. 

[0006] Modern dense wavelength-division multiplexed (DWDM) optical 
communications and the like require that network systems offer an ever-increasing 
number of channel counts, thus mandating the use of a narrower channel spacing in 
order to accommodate the increasing number of channel counts. The optical 
interleaver, which multiplexes and demultiplexes optical channels with respect to the 
physical media, i.e., optical fiber, offers a potential upgrade path, so as to facilitate 
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scalability in both channel spacing and number of channel counts in a manner which 
enhances the performance of optical communication networks. 

[0007] As a multiplexer, an interleaver can combine two streams of optical 
signals, wherein one stream contains odd channels and the other stream contains even 
channels, into a single, more densely spaced optical signal stream. As a demultiplexer, 
an interleaver can separate a dense signal stream into two, wider spaced streams, 
Q wherein one stream contains the odd channels and the other stream contains the even 
m channels. Thus, the interleaver offers scalability which allows contemporary 

communication technologies that perform well at wider channel spacing to address 

H 

'5 narrower, more bandwidth efficient, channel spacings. 

n 

y [0008] It is important that the interleaver separate the individual channels 

01 

Vi sufficiently so as to mitigate undesirable crosstalk therebetween. Crosstalk occurs 
p when channels overlap, i.e., remain substantially unseparated, such that some portion 
of one or more non-selected channels remains in combination with a selected channel. 
As those skilled in the art will appreciate, such crosstalk interferes with the detection 
and/or demodulation process. Generally, the effects of crosstalk must be compensated 
for by undesirably increasing channel spacing and/or reducing the communication 
speed, so as to facilitate reliable detection/demodulation of the signal. 

[0009] However, as channel usage inherently increases over time, the need for 
efficient utilization of available bandwidth becomes more important. Therefore, it is 
highly undesirable to increase channel spacing and/or to reduce communication speed 
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in order to compensate for the effects of crosstalk. Moreover, it is generally desirable to 
decrease channel spacing and to increase communication speed so as to facilitate the 
communication of a greater quantity of information utilizing a given bandwidth. 

[0010] Since it is generally impractical and undesirably expensive to provide 
precise control during manufacturing, the actual wavelength of communication channels 
and the center wavelength of filters generally tend to mismatch with each other. Precise 
control of manufacturing processes is difficult because it involves the use of more 
stringent tolerances which inherently require more accurate manufacturing equipment 
and more time consuming procedures. The actual wavelength of the communication 
channel and the center wavelength of the filter also tend to drift over time due to 
inevitable material and device degradation over time and also due to changes in the 
optical characteristics of optical components due to temperature changes. Therefore, it 
is important that the passband be wide enough so as to include a selected signal, even 
when both the carrier wavelength of the selected signal and the center wavelength of 
the passband are not precisely matched or aligned during manufacturing and have 
drifted substantially overtime. 

[001 1] Although having a wider filter passband is generally desirable, so as to 
facilitate the filtering of signals which have drifted somewhat from their nominal center 
wavelength, the use of such wider pass bands and the consequent accommodation of 
channel center wavelength drift does introduce the possibility for undesirably large 
dispersion being introduced into a filtered channel. Typically, the dispersion introduced 
by a birefringent filter or Interleaver increases rapidly as the channel spacing is reduced 
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and as a channel moves away from its nominal center wavelength, as discussed in 
detail below. Thus, as more channel wavelength error is tolerated in a birefringent filter 
or interleaver, greater dispersion valves are likely to be introduced. 

[0012] As those skilled in the art will appreciate, dispersion is the non-linear 
phase response of an optical device or system wherein light of different wavelengths is 
spread or dispersed, such that the phase relationship among the different wavelengths 
varies undesirably as the light passes through the device or system. Such dispersion 
undesirably distorts optical signals, such as those used in optical communication 
systems. 

[0013] Contemporary interleavers have dispersion versus wavelength curves 
which have zero dispersion value at a particular wavelength, such as at nominal 
channel center wavelength. The dispersion versus wavelength curve of such 
contemporary interleavers departs drastically from this zero dispersion value as the 
wavelength moves away from the nominal channel center wavelength. Thus, small 
deviations in channel center wavelength can result in undesirably large dispersion 
values being realized. 

[0014] Since, as discussed in detail above, it is extremely difficult, if not 
impossible, to maintain the actual channel wavelength precisely at its nominal value, 
such channel center wavelengths do vary, thereby resulting in undesirably large 
dispersion values. 
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[0015] As channel spacing is decreased continuously for larger channel count 
over a given bandwidth, significant and undesirable dispersion appears and can 
dramatically degrade optical signal quality, particularly in high bit rate optical 
communication systems. 

[0016] There are four basic types of interleavers suitable for multiplexing and 
demultiplexing optical signals. These include birefringent filters, thin-film dielectric 
devices, planar waveguides, and fiber-based devices. All of these contemporary 
interleaving technologies suffer from substantial limitations with respect to channel 
spacing, dispersion, insertion loss, channel isolation, temperature stability, cost, 
reliability and flexibility. 

[0017] Birefringent crystals are commonly used in birefringent filters for 
separating multiplexed optical channels in DWDM communication systems. Birefringent 
crystals are materials in which the phase velocity of an optical beam propagating therein 
depends upon the polarization direction of the optical beam. However, birefringent 
crystals suffer from inherent limitations which seriously degrade their performance, limit 
their application and reduce their desirability. Contemporary crystal birefringent devices 
suffer from limitations imposed by the crystal's physical, mechanical and optical 
properties, as well as by problems associated with temperature instability. Further, 
such contemporary crystal birefringent devices have comparatively small and fixed 
birefringent values. The crystals utilized in such contemporary crystal birefringent 
devices are comparatively high in cost, both with regard to the synthesis thereof and 
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with regard to their use in fabrication of optical devices, e.g., interleavers as discussed 
above. 



[0018] Thus, there is a need to provide an optical interleaver which can overcome 
or mitigate at least some of the above-mentioned limitations. 

SUMMARY OF THE INVENTION 

[0019] The present inventions specifically addresses and alleviates the above- 
mentioned deficiencies associated with the prior art. More particularly, the present 
invention comprises an interleaver comprising a birefringent element assembly and a 
reflector configured so as to direct light from the birefringent element assembly back 
through the birefringent element assembly. The birefringent element assembly 
comprises at least one spa^al birefringent element. Such spatial birefringent element 
utilizes a difference in optical path length caused by a difference in physical path 
lengths or a difference in refraction indices along different paths, rather than utilizing 
birefringent crystals. 

[0020] Directing light from the birefringent element assembly back into and 
through the birefringent element assembly substantially mitigates crosstalk and/or 
dispersion. By mitigating crosstalk and dispersion, interleavers having narrower 
channel spacings may be constructed. As discussed above, narrower interleaver 
channel spacing facilitates enhanced bandwidth utilization and an desirably increased 
number of channel counts. 
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[0021] It is understood that changes in the specific structure shown and 
described may be made within the scope of the claims without departing from the spirit 
of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] These, and other features, aspects and advantages of the present 
invention will be more fully understood when considered with respect to the following 
_ detailed description, appended claims and accompanying drawings, wherein: 

ffl [0023] Figure 1 is a top view schematic diagram of a two-element fold interleaver 
I J constructed according to the present invention. 

[0024] Figures 2a and 2b are schematic diagrams showing the optical beams 
01 states and the quarter-wave and half-wave waveplate orientations at different locations 

yi for an exemplary two-element fold interleaver of Figure 1 which has equivalent 

O 

H birefringent element orientation angles of 45° and -15° and birefringent phase delays of 
r and 2r , respectively, for the two spacial birefringent elements. 

[0025] Figure 3 is a dispersion vs. wavelength chart for an exemplary 50 GHz 
fold interleaver having equivalent birefringent element orientations of 45° and -15° and 
having phase delays of r and 2r and constructed as shown in Figure 1; 

[0026] Figure 4 is a phase vs. wavelength chart for an exemplary 50 GHz fold 
interleaver having equivalent birefringent element orientations of 45° and -15° and 
having phase delays of r and 2r and constructed as shown in Figure 1; 
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[0027] Figure 5 is a transmission vs. wavelength chart for an exemplary 50 GHz 
fold interleaver having equivalent birefringent element orientations of 45° and -15° and 
having phase delays of r and 2r and constructed as shown in Figure 1; 

[0028] Figure 6 is a dispersion vs. wavelength chart for a non-fold interleaver 
having birefringent element orientations of 45° and -15° and having phase delays of r 
and 2r; 

[0029] Figure 7 is a phase vs. wavelength chart for a non-fold interleaver having 
birefringent element orientations of 45° and -15° and having phase delays of r and 2r; 

[0030] Figure 8 is a transmission vs. wavelength chart for a non-fold interleaver 
having birefringent element orientations of 45° and -15° and having phase delays of r 
and2r; 

[0031] Figure 9 is a top view schematic diagram of a three-element fold 
interleaver constructed according to the present invention; 

[0032] Figures 10a and 10b are schematic diagrams showing the optical beams 
states and the quarter-wave and half-wave waveplate orientations at different locations 
for an exemplary the three-element birefringent fold interleaver of Figure 9 which has 
equivalent birefringent element orientation angles of 45°, -21° and 7° and birefringent 
phase delays of r , 2r and 2r , respectively, for the three spacial birefringent elements; 
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[0033] Figure 1 1 is a dispersion vs. wavelength chart for an exemplary 50 GHz 
fold interleaver having equivalent birefringent element orientations of 45°, 21° and 7° 
and having phase delays of r , 2r and 2r and constructed as shown in Figure 9; 

[0034] Figure 12 is a phase vs. wavelength chart for an exemplary 50 GHz fold 
interleaver having equivalent birefringent element orientations of 45°. 21° and 7° and 
having phase delays of r , 2r and 2r and constructed as shown in Figure 9; 

[0035] Figure 13 is a transmission vs. wavelength chart for an exemplary 50 GHz 
fold interleaver having equivalent birefringent element orientations of 45°. 21° and 7° 
and having phase delays of r , 2r and 2r and constructed as shown in Figure 9; 

[0036] Figure 14 is a dispersion vs. wavelength chart for a 50 GHz non-fold 
interleaver having birefringent element orientations of 45°, 21° and 7° and having phase 
delays of r, 2r and 2r; 

[0037] Figure 15 is a phase vs. wavelength chart for a 50 GHz non-fold 
interleaver having birefringent element orientations of 45°, 21° and 7° and having phase 
delays of r,2r and2r; 

[0038] Figure 16 is a transmission vs. wavelength chart for a 50 GHz non-fold 
interleaver having birefringent element orientations of 45°. 21° and 7° and having phase 
delaysof r,2r and2r; 

[0039] Figure 17 is a top view schematic diagram of an alternative configuration 
of a two-element fold interleaver according to the present invention; 
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[0040] Figure 18 is a top view schematic diagram of an alternative configuration 
of a three-element fold interleaver according to the present invention; and 

[0041] Figure 1 9 is a top view schematic diagram of a configuration of a one- 
element fold interleaver according to the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0042] The detailed description set forth below in connection with the appended 
g drawings is intended as a description of the presently preferred embodiment of the 

m 

,n Invention and is not intended to represent the only form in which the present invention 

? 

M may be constructed or utilized. The description sets forth the functions of the invention 

HI and the sequence of steps for constructing and operating the invention in connection 

5 with the illustrated embodiment. It is to be understood, however, that the same or 

01 

RJ 

equivalent functions and sequences may be accomplished by different embodiments 

Q 

that are also intended to be encompassed with the spirit and scope of the invention. 



D 



as 



[0043] The description contained herein is directed primarily to the configuration 
of an interleaver as a demultiplexer. However, as those skilled in the art will appreciate, 
the present invention may be used in both demultiplexers and multiplexers. The 
difference between demultiplexers and multiplexers is small and the configuration of the 
present invention as either desired device is well within the ability of one of the ordinary 
skill in the art. 

[0044] Two different reference systems are used in this patent application for the 
determination of angular orientations. One reference system is used for the 
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determination of the equivalent angular orientations of spacial birefringent elements, 
with respect to an equivalent polarization direction of input light. Another reference 
system is used for the determination of the angular orientations of waveplates with 
respect to a moving (x, y, z) coordinate system. Thus, when reading the detailed 
description below, it will be very helpful to understand these two reference systems. 

[0045] When the equivalent angular orientation of a birefringent element is 
discussed, the angular orientation is typically the fast axis of the birefringent element 
with respect to the polarization direction of incoming light just prior to the incoming light 
reaching the birefringent element. Determination of the angular orientation is made by 
observing oncoming light with the convention that the angle is positive if the rotation of 
the fast axis is clockwise with respect to the polarization direction of the incoming light 
and is negative if the rotation is counter-clockwise with respect to the polarization 
direction of the oncoming light. 

[0046] If there is a series of spatial birefringent elements, such as in a birefringent 
filter, the equivalent angular orientations of each of the elements of the filter are 
measured by their fast axes with respect to an equivalent polarization direction of 
incoming light just prior to the incoming light reaching the first birefringent element of the 
filter. If there are more than one birefringent filters in a sequence, then the equivalent 
angular orientations are determined separately for each birefringent filter (the equivalent 
angular orientations are measured with respect to an corresponding equivalent 
polarization direction of incoming light just prior to the incoming light reaching the first 
birefringent element of each different filter). Thus, each birefringent filter has its own 
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independent reference for the determination of the angular orientations of the 
birefringent elements thereof. Each spatial birefringent element has its own equivalent 
polarization direction of incoming light just prior to the incoming light reaching the first 
birefringent element. 



[0047] The angular orientations of waveplates are measured by the optic axes of 
waveplates with respect to the +x axis. However, it is very important to appreciate that 
the +x axis is part of the moving coordinate system. This coordinate system travels with 

Q 

g the light, such that the light is always traveling in the +z direction and such that the +y 

rf axis is always up as shown in the drawings. Thus, when the light changes direction, the 

SJ 

,H coordinate system rotates with the +y axis thereof so as to provide a new coordinate 

y \ 

B system. The use of such a moving coordinate system allows the optical beam states, 

O 

yi the birefringent elements, and the waveplates to be viewed in a consistent manner at 

ry 

Ul various locations in the devices, i.e., always looking into the light, and therefore 
^ substantially simplifies viewing and analysis of the devices. 



[0048] Determination of the angular orientations in (x, y, z) coordinate system is 
made by observing oncoming light with the convention that the angle is positive if the 
rotation of the corresponding optical axis is counter-clockwise with respect to +x axis 
and is negative if the rotation is clockwise with respect to the +x axis (which is 
consistent with the conventional use of (x, y, z) coordinate system, but which is contrary 
to the sign convention for determining the angular orientations of birefringent elements 
with respect to the input polarization direction, as discussed above). 
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[0049] The present invention connprises an interleaver which comprises a 
birefringent element assembly. The birefringent element assembly comprises at least 
one spacial birefringent element. A reflector is configured so as to direct light which is 
emitted from the birefringent element assembly back into and through the birefringent 
element assembly, such that the light travels through the birefringent element assembly 
in two different, generally opposite directions. The birefringent element assembly 
provides two output components of the light input thereto. One output component 
corresponds to the interleaved odd channels and the other corresponds to the 
interleaved even channels. The reflector is configured to direct the two components 
back through the birefringent element assembly. By transmitting the light through the 
birefringent element assembly in both directions, crosstalk can be substantially 
mitigated. Further, dispersion can be substantially mitigated or eliminated. 

[0050] Directing light from the birefringent element assembly back into and 
through the birefringent element assembly is achieved by use of an optical reflector. 
The reflector preferably comprises a single prism. However, those skilled in the art will 
appreciate that the reflector may alternatively comprise more than one prism and/or one 
or more mirrors or etalons. 

[0051] The birefringent element assembly may contain any desired number of 
spacial birefringent elements. For example, the birefringent element assembly may 
contain one, two, three, four, five or more spacial birefringent elements. As those 
skilled in the art will appreciate, additional birefringent elements tend to enhance the 
transmission vs. wavelength curve of the birefringent filter or interleaver defined by the 
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birefringent elements, so as to tend to provide a flatter and wider passband and/or so as 
to provide a deeper and wider stopband. 



[0052] According to one preferred embodiment of the present invention, the 
birefringent element assembly is disposed intermediate (in an optical sense) an input 
polarization beam displacer and an intermediate polarization beam displacer. 

[0053] The birefringent element assembly comprises at least one spacial 
birefringent element. The spacial birefringent element physically separate two 
orthoganally polarized optical beams and provides differences in physical path lengths 
and/or refraction indices for the two optical beams so as to provide a birefringent effect. 
In this manner, the use of birefringent crystals and disadvantages commonly associated 
therewith are eliminated. 

[0054] According to one preferred embodiment of the present invention, the 
interleaver comprises an input polarization beam displacer from which light is 
transmitted to the birefringent element assembly; a first input half-wave waveplate 
assembly configured to receive light from the input polarization beam displacer and 
control the light polarization directions; an intermediate polarization beam displacer 
configured to transmit light from the birefringent element assembly before the light is 
transmitted back through the birefringent element assembly; a second input half-wave 
waveplate assembly configured to control the light polarization directions before the light 
is transmitted back through the birefringent element assembly; an output half-wave 
waveplate assembly configured to control the light polarization directions after the light 
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is transmitted back through the birefringent element assembly; and an output 
polarization beam displacer to which light is transmitted after the light has been 
transmitted back through the birefringent element assembly. 

[0055] The spatial birefringent element preferably comprises a polarization beam 
splitter (which separates an optical beam into two orthoganally polarized optical 
components); a first mirror; a second mirror; first quarter-wave waveplate(s) having an 
optic axis thereof oriented at an angle of approximately 45° with respect to the +x axis 
at that location, the first quarter-wave waveplate(s) being disposed intermediate the 
polarization beam splitter and the first mirror; second quarter-wave waveplate(s) having 
an optic axis thereof oriented at an angle of approximately 45° with respect to the +x 
axis at that location, the second quarter-wave waveplate(s) being disposed intermediate 
the polarization beam splitter and the second mirror. 

[0056] According to the present invention, a birefringent effect is obtained by 
defining a first and a second light paths at each birefringent element, wherein light input 
into the birefringent element is split into two composite beams, each of the two 
composite beams travels along separate paths. The two paths have different optical 
path lengths, such that when the two beams recombine a birefringent effect is achieved. 
Preferably, the splitting of light into two components and the recombining of the two 
components are achieved utilizing a polarization beam splitter. Those skilled in the art 
will appreciate that various other devices for separating and recombining light (such as 
polarization beam displacers) are likewise suitable. Reflectors, such as mirrors, or 
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prisms, can be used to define the two paths. Generally, each path will be from a 
polarization beam splitter to a mirror or prism and back to the polarization beam splitter. 
Different optical path lengths between the two paths may be obtained by defining the 
two paths so as to have different physical path lengths or by inserting a material having 
a different refraction index into one of the two paths, so as to cause the two paths to 
have different optical path lengths. However, those skilled in the art will appreciate that 
various other means for defining two paths having different optical path lengths are 

o 

m likewise suitable. 

W 

H [0057] Half-wave waveplates are used to control the light polarization direction 
before light enters a polarization beam splitter, so as to define a desired angle between 

y I 

input light polarization direction and the fast axis of the spatial birefringent element, 

Sj which further defines an equivalent angle for birefringent element orientation. The fast 

in 

p axis is usually along x-axis or y-axis, which is determined by the configuration of spatial 
birefringent element using a polarization beam splitter. The equivalent angle is the 
angle which would be utilized in a birefringent filter having birefringent crystals in order 
to obtain the same effect. That is, the equivalent angle of a special birefringent element 
according to the present invention is the angle between the fast axis of a birefringent 
crystal and the polarization direction of light input thereto which would be required in 
order to obtain the same optical effect that the spatial birefringent device of the present 
invention provides. 



[0058] When more than one spatial birefringent element is utilized, then one or 
more half-waveplates are typically disposed between two adjacent polarization beam 



17 

DOCSOC\830795v1 \1 2569.0004 



12569-04/NEC 



splitters, so as to control the light polarization direction before light entering each 
subsequent polarization beam splitter in order to define the equivalent angle. 



[0059] Thus, the half-wave waveplates which light passes through prior to 
entering the polarization beam splitter of the present invention define the transmission 
characteristics (e.g., cross-talk) of the birefringent element assembly. 



[0060] As discussed above, a half-wave waveplate is used to define the 

O equivalent orientation angle for each birefringent element of the present invention. It is 

^ worthwhile to note that the equivalent orientation angle is controlled by manipulating the 

f: polarization direction of light input to the polarization beam splitter of each birefringent 

:™ element. At the beam split point of the polarization beam splitter, the polarization 

n direction of light which travels along the shorter of the two paths is the fast axis of the 

ry spatial birefringent element. Beyond the beam split point, the polarization directions of 

m 

Q light traveling along the short path and the long path are manipulated so as to cause 
that light to be either transmitted or reflected again by the polarization beam splitter, 
such that the light from the two paths recombines and is transmitted in the desired 
direction (such as to the next birefringent element). Therefore, the polarization direction 
of light input to each birefringent element must be manipulated so as to obtain the 
desired equivalent angle. Manipulation of the polarization of light input to a birefringent 
element is accomplished by rotating the polarization direction of light input to a 
birefringent element by the desired amount utilizing a half-wave waveplate. 
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[0061] However, those skilled in the art will appreciate that, in some instances, 
light may be input directly into a birefringent element without requiring such 
manipulation, if polarized light already having the desired polarization direction is 
provided to that birefringent element. 



[0062] The present invention thus comprises a method for interleaving, wherein 
the method comprises transmitting light through a birefringent element assembly in a 
first direction and then transmitting the light through the same birefringent element 

a assembly in a second direction. The birefringent element assembly comprises at least 
one spacial birefringent element and the spacial birefringent element causes a first 

^ beam of light to travel along a first path and causes a second beam of light to travel 
along a second path. The first and second beams of light are preferably generally 

m orthogonal with respect to one another The first and second paths have different 

n optical path lengths with respect to one another. The different optical paths length may 

O 

be formed by either providing different physical path lengths or by providing materials 
having different refraction indices along the first and second paths. Before the light 
enters the birefringent element, its polarization direction is manipulated and controlled 
so as to obtain a desired equivalent angle for birefringent element orientation. 



[0063] Transmitting the light through the same birefringent assembly in a second 
direction preferably comprises transmitting the light through the same birefringent 
assembly along generally the same path along with the light was transmitted in the first 
direction. The second direction is preferably opposite the first direction. 
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[0064] More particularly, the second direction is preferably parallel to the first 
direction and may be offset, i.e., laterally translated, with respect to the first direction. 
Although light traveling in the first direction will pass through some of the same 
components as light traveling in the second direction, light traveling in the first direction 
may also typically pass through unique components which light traveling in the second 
direction does not pass through and vice versa. Thus, light traveling in one direction 
may preferably pass through different quarter-wave waveplates and half-wave 
waveplates from light which travels in opposite direction. 

[0065] Transmitting the light through the birefringent element assembly in both 
the first and the second directions mitigates crosstalk. Further, dispersion can be 
mitigated in interleavers having more than one spacial birefringent element. 

[0066] According to the present invention, a birefringent filter or interleaver is 
constructed by utilizing the birefringent effect which results from differences in optical 
path lengths, either in free space, e.g., air, or in materials having desired indices of 
refraction. Thus, the need for birefringent crystals is eliminated. There are many 
advantages associated with such elimination of birefringent crystals. For example, the 
device construction is simplified and cost are minimized when birefringent crystals are 
eliminated. Further, various limitations associated with the use of birefringent crystals 
do not present which are inherent to the optical, physical, mechanical, and thermal 
properties of the birefringent crystals. For example, birefringent crystals provide a fixed 
birefringent value and are therefore not variable or tunable. However, the use of optical 
path length differences to obtain a birefringent affect facilitates easy tunability of 
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birefringent values by simply varying the length of one or both of the paths and/or 
varying an index of refraction along one or both of the paths. 



[0067] As those skilled in the art will appreciate, optical signal interleaving can be 
achieved utilizing a Sole birefringent filter, in which at least one, typically, a plurality, of 
birefringent elements are located intermediate two polarizing devices, such as an input 
polarizer and an output polarizer. A typical Sole birefringent filter comprises three 
birefringent crystals having orientation angles of 45^ -IS"* and 10° and birefringent 

O 

phase delays of r . 2r and 2r , respectively. The use of a birefringent filter having 
such crystal orientation angles and phase delays provides a generally acceptably flat 
J passband. However, other sets of orientation angles (or equivalent orientation angles 
when spacial birefringent devices are utilized) and phase delays can provide 

D 

01 transmission characteristics which are enhanced with respect to those of contemporary 

ry 

W practice. For example, one such set of orientation angles which provides enhanced 
^ transmission characteristics is 45°, -21° and 7° for birefringent filters having first, second 
and third birefringent elements of phase delays of r , 2r and 2r , respectively. The 
transmission characteristics of such a device include a flatter passband and a deeper 
and/or wider stopband, so as to substantially mitigate undesirable crosstalk. 

[0068] The cross-talk can be further reduced by letting light pass through another 
birefringent filter. But this lead to higher cost due to the doubling in device numbers. In 
addition, according to contemporary practice, birefringent filters (wherein light passes 
therethrough only once and in a single direction) always introduce a finite, undesirably 
high, amount of dispersion. The dispersion introduced by such contemporary 
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birefringent filters is sufficient to significantly degrade optical signal quality. Because of 
this degradation in optical signal quality, further advances in channel spacing reduction 
are difficult, if not impossible. 



[0069] However, according to the present invention, an interleaver utilizing a 
birefringent filter is constructed in a manner which substantially mitigates crosstalk 
without additional birefringent elements. Further, dispersion can be substantially 
mitigated and eliminated without additional birefringent elements. This is accomplished 

— i 

S by configuring the present invention such that light travels through the same birefringent 
^ filter twice or more times, in two generally opposite directions. Therefore, the present 
invention facilitates the construction of an interleaver which makes possible 
substantially reduced channel spacing, so as to desirably increase the effective 
S bandwidth of an optical medium and thereby enhance the potential for channel count 

m 

ui increases. 

Q 

[0070] According to one embodiment of the present invention, a birefringent filter 
or interleaver can be formed, such that the dispersion vs. wavelength curve thereof is 
approximately zero for all wavelengths and thus such that the birefringent filter or 
interleaver itself contributes very little or no dispersion. Therefore, the interleaver of the 
present invention may be utilized to mitigate total dispersion within an optical system by 
minimizing its own introduction of undesirable dispersion. 



[0071] In a birefringent filter, if ^2, and ^3 are the orientation angles for the 
first, second and third birefringent elements, then the same transmission performance is 
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obtained for birefringent element orientations of 90° - 90° - ^2 and 90° - ^3, as well 
as for birefringent element orientations of 90° + ^1, 90° + ^2 and 90° + ^3, respectively. 
However, the dispersion curves are flipped about the zero dispersion axis for the sets of 
angles of 90°- ^^i,90°- ^2 and 90°- ^3, as well as 90° + <z)i,90°+ <!>2and 90°+ (j>z, 
when taken with respect to the orientations of 1, ^2 and ^3- That is, the dispersion 
curve of a birefringent filter having birefringent element orientations of <^ 1, ^2 and ^3 
will be opposite to the dispersion curve of either a birefringent filter having birefringent 
element orientations of 90° - ^1, 90° - <f>2 and 90° - ^3 or a birefringent filter having 
birefringent element orientations of 90° + ^1, 90° + ^2 and 90° + ^3. 

[0072] Therefore, if an optical beam is transmitted through two interleavers 
sequentially, wherein the two interleavers have been designed such that they have 
flipped dispersion curves with respect to one another (such as by having the first 
interleaver utilize birefringent element orientations of ^2 and ^3 and having the 
second interleaver utilize birefringent element orientations of 90° - 1, 90° - (f>2 and 
90° - ^3 (or by having the second interleaver utilize birefringent element orientations of 
90° + ^1, 90° + ^2 and 90° + ^3), then the dispersion of the two interleavers cancels 
and the total dispersion of the two interleavers is zero or approximately zero. However, 
this configuration typically requires at least two separate interleavers to achieve zero or 
approximately zero dispersion for both odd and even channels. 

[0073] Dispersion can be substantially mitigated by transmitting an optical beam 
through a birefringent element assembly, such as a birefringent element assembly 
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comprising three different birefringent elements, wherein the first element has a fast 
axis oriented at an angle of a second birefringent element has a fast axis thereof 
oriented at an angle of ^2, and a third birefringent element has a fast axis thereof 
oriented at an angle of <f>z, all with respect to the polarization direction of the input. 
After the optical beam passes through the three birefringent elements, two separate 
sets of interleaved signals (odd channels and even channels) having polarizations 
which are orthogonal to one another are obtained. Then, the incident light is reflected, 
such as by a mirror or prism, and then travels back through the same set of birefringent 
elements in the reverse direction. Before the light travels back through the same set of 
birefringent elements in the reverse direction, the polarization directions of the odd 
channels and the even channels are aligned in parallel and so as to be perpendicular to 
the input polarization direction of the incident light. This results in that the angular 
orientation of the birefringent elements are 90°-cp3, 90°-(p2, 90''-(pi, respectively, with 
respect to the input polarization direction of the returning light. 

[0074] When light travels through a birefringent assembly in the first direction, the 
birefringent element angles are <f>^, ^2, <z>3, and when light travels through the same 
birefringent element assembly in the reverse direction, the birefringent element angles 
are 90° -^3, 90° -^2, and 90° -^1, in the order in which light encounters the birefringent 
elements. Thus, it is possible to construct an interleaver which provides zero or 
approximately zero dispersion and which does not require the use of two separate 
birefringent filters, as discussed above. Such a zero dispersion interleaver may be 
constructed by folding the light path, such that incident light traveling through the 

24 

DOCSOC\830795v1\1 2569.0004 



12569-04/NEC 

birefringent filter in a forward direction is reflected back through the filter in a reverse 
direction. 



[0075] If dispersion mitigation is not required, then it is not necessary to make the 
polarization directions of the odd channels and the even channels in parallel. However, 
it is necessary that they each be either parallel or perpendicular with respect to the 
polarization direction of light input to the birefringent element assembly for effective 
cross-talk mitigation. These discussions are generally applicable for relative simple 
birefringent elements, such as birefringent crystals. These are applicable to spatial 
birefringent elements. But, the effective input polarization directions of the incident light 
and the returning light need to be carefully traced at various locations. 

[0076] Referring now to Figure 1 , a two-element birefringent filter or interleaver 
having a fold configuration according to one embodiment of the present invention is 
shown. The fold interleavers of the present invention provide low cross-talk and/or zero 
or very low dispersion by directing light which passes through a birefringent element 
assembly thereof back through the same birefringent element assembly in a direction 
opposite to the direction in which the light was first transmitted through the birefringent 
element assembly. In this manner, dispersion introduced into the light during its first 
pass through the birefringent element assembly is compensated for or cancelled during 
its second pass through the birefringent element assembly. That is, when light passes 
through the birefringent element assembly in the first direction, a first dispersion vs. 
wavelength curve results and when light passes through the birefringent element 
assembly in a second direction, generally opposite to the first direction, a second 
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dispersion vs. wavelength curve results which is flipped or generally opposite to the first 
dispersion vs. wavelength curve, thus, result in a net dispersion resulting from both 
passes through the birefringent element assembly of zero or approximately zero 
dispersion. Since light travels through the birefringent element assembly twice (once in 
a first or forward direction and again in the second or reverse direction) the transmission 
characteristics of the interleaver are enhanced with respect to the transmission 
characteristics of light which passes through such an interleaver only once (such as in 
the forward direction only). Such enhanced transmission characteristics improve cross- 
talk. 

[0077] Indeed, light may be transmitted through the birefringent element of the 
assembly of the present invention any desired number of times, so as to provide the 
desired transmission characteristics. As those skilled in the art will appreciate, 
transmitting light through the birefringent element assembly of the present invention an 
even number of times results in zero or nearly zero dispersion, since the dispersion 
introduced during transmission through the birefringent element assembly in one 
direction is substantially canceled by dispersion introduced during transmission through 
the birefringent element assembly in the opposite direction. However, if the dispersion 
characteristics of the interleaver are not important, then light may be transmitted 
through the birefringent element assembly an odd number of times. 

[0078] As discussed in detail above, a right-hand coordinate system of axes is 
used to characterized the optical beam propagation in the system at various locations 
with a convention that the coordinate system is traveling with light and the light is 
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always propagating in the +z direction and the +y direction is always out of the paper, 
as shown in Figure 1. 

[0079] Referring now to Figure 2a and 2b, the optical beam states and the 
quarter-wave and half-wave waveplate orientations at various locations for an 
exemplary two-element fold interleaver of Figure 1 are shown. The waveplates 
orientation shown in Figures 2a and 2b are such that they provide birefringent element 
orientations equivalent to the birefringent crystal orientations of 45° and -15° and 
provide phase delays which are equivalent to birefringent crystals of phase delays 
r and 2r , respectively. In Figures 2a and 2b, each of the four boxes correspond to a 
physical beam position at various locations. The polarization beam displacers 10, 11 
and 18 shift the optical beams to these various beam positions according to the 
orientation of polarization beam displacer and the optical beam polarization. The optic 
axis orientation angles of the quarter-wave and half-wave waveplates shown in Figs. 2a 
and 2b are referred to the -fx axis at the corresponding locations. The birefringent effect 
derived by each spatial birefringent element of the birefringent element assembly 12 is 
determined by the distance difference between the polarization beam splitter and the 
mirrors thereof. The birefringent phase delay (difference) between the two 
corresponding components is Tj for element one and for element two, respectively, 
according to the formula: 

rj = 2'(L,-L2)-2;r/A= L2;r/2= T 
Y^^2 {L^-L,y27r I IL'ln I X = 2r 
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where A is the optical wavelength. 



[0080] The polarization beam splitter 19a, the quarter-wave waveplate 23a, the 
mirror 14a, the quarter-wave waveplate 22a, the mirror 15a and the half-wave 
waveplates 30 define a pffllion of the first birefringent element of the birefringent 
element assembly 12. An input polarization beam displacer 10 provide light to half- 
wave waveplates 30 from which the light is transmitted into polarization beam splitter 
19a. The input polarization beam displacer 10 separates light input to the interleaver 
into two optical beams having known polarization directions, such that the polarization 
directions of the two optical beams can be controlled (such as by a half-wave 
waveplate) to define the desired equivalent birefringent element orientation angles. As 
mentioned above, if polarized light having a known polarization direction is provided to 
the interleaver, then the input beam displacer 10 may be eliminated (and the two 
composite beams resulting therefrom will be reduced to a single beam). 

[0081] Polarization beam splitter 19a separates an optical beam into two 
components. The first component having polarization direction along x-axis is 
transmitted straight there through to quarter-wave waveplate 23a and mirror 14a. Mirror 
14a reflects the light back through quarter-wave waveplate 23a and into polarization 
beam splitter 19a. The second component of the light having a polarization generally 
orthogonal to the first component (along y-axis) is deflected by polarization beam splitter 
19a through quarter-wave waveplate 22a and is reflect by mirror 15a back through 
polarization beam splitter 19a. The polarization direction of the first component is 
changed by 90*" by the combination of the mirror and the quarter-wave waveplate 23a, 
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(having an optical axis thereof oriented at 45° with respect to the +x axis), so that the 
first component is reflected by the polarization beam splitter 19a to location 10 when the 
first component is transmitted back to the polarization beam splitter 19a. In a similar 
manner, the polarization direction of the second component is changed by 90° by the 
cooperation of the mirror and the quarter-wave waveplate 22a (having an optical axis 
thereof oriented at 45° with respect to the +x axis), so that it is transmitted through the 
polarization beam splitter 1 9a to location 10 when it is transmitted back to the 
polarization beam splitter 19a. The first and second components are together at 
location 10. Light from the polarization beam splitter 19a is transmitted to a second 
birefringent element of the birefringent element assembly 12 which comprises half-wave 
waveplates 33a, a polarization beam splitter 19b, quarter-wave waveplate 23b, mirror 
14b, quarter-wave waveplate 21b and mirror 15b, all of which operate in a manner 
analogous to the corresponding components of the first birefringent element. Thus, the 
birefringent element assembly comprises two elements, as shown in Figure 1 . The 
quarter-wave waveplates 21a, 22a, 23a, 24a, 21b, 22b, 23b and 24b orient light 
returning from the mirrors so that the light is either transmitted through or reflected by 
the corresponding polarization beam splitter and the two components recombine. For 
example, quarter-wave waveplate 22a orients the polarization direction of light from 
mirror 15a such that that component of the light is transmitted through the polarization 
beam splitter 19a and quarter-wave waveplate 23a orients the polarization direction of 
light from mirror 14a such that light from mirror 14a is reflected by the polarization beam 
splitter 19a to location 10. 
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[0082] The polarization beam splitters (such as 19a and 19b of Figure 1 and 19a, 
19b, and 19c of Figure 9) may comprise either single polarization beam splitters as 
shown, or may alternatively comprise multiple polarization beam splitters. For example, 
separate polarization beam splitters may be utilized at each point where light is 
separated and recombined, thereby replacing each polarization beam splitter shown in 
Figure 1 or Figure 9 with four separate polarization beam splitters. As a further 
alternative, each polarization beam splitter shown in Figure 1 and Figure 9 may be 
replaced with two polarization beam splitters, wherein one polarization beam splitter 
splits and recombines light traveling in the fonward direction through the birefringent 
element assembly and the other polarization beam splitter separates and combines the 
light traveling in the opposite direction (back through the birefringent element 
assembly). 

[0083] As shown in Figure 1 , distance Li and distance L2 are different with 
respect to one another, so as to provide the desired phase delay and the consequent 
birefringent effect. Similarly, distances L3 and U of the second birefringent element are 
different, again so as to provide the desired phase delay and the consequent 
birefringent effect for the second birefringent element. 

[0084] Half-wave waveplates 30 and 33a are used to manipulate the input light 
polarization directions for desired equivalent birefringent element orientation angles (pi 
and (p2, respectively. After exiting the birefringent element assembly 12, light from the 
polarization beam splitter 19b is transmitted through half-wave waveplate 34 to prism 
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1 3. After the light has been transmitted through half-wave waveplate 34 and 
polarization beam displacer 18, then the light has effectively passed through an 
interleaver. Transmitting the light back through the birefringent element assembly 12 
effectively causes the light to pass through another interleaver having equivalent 
birefringent element orientation angles of 90*" -92 and 90"* -cpi, which are determined by 
the orientation of half-wave waveplates 35 and 32a. Thus, enhanced transmission 
characteristics and mitigated (nearly zero) dispersion can be obtained. In effect, the 
input light provided to the interleaver of Figure 1 passes through two interleavers 
wherein the first interleaver introduces dispersion and the second interleaver (which 
comprises the same physical components as the first interleaver) introduces 
substantially the opposite dispersion, such that the dispersion of the first interleaver and 
the dispersion of the second interleaver substantially cancel one another. 

[0085] To summarize operation of the folded interleaver of Figure 1 , the input 
beam displacer 10 receives a composite (light of unknown polarization direction) beam 
and separates the composite beam into two beams of known polarization directions. 
The half-wave waveplates 30 orient the polarization directions of the two composite 
beams such that the two composite beams have the same polarization direction and 
such that the polarization direction provides the desired equivalent angle (the angle 
which provides birefringent filter element performance similar to that of a corresponding 
birefringent crystal). The polarization beam splitter, in cooperation with associated 
mirrors and associated quarter-waveplates provide two separate paths, wherein each 
path has a different optical path length with respect to the other path. The polarization 
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beam splitter splits each of the two beams provided by the polarization beam displacer 
10 into two orthogonally polarized components, respectively. Each component travels 
along one of the two paths (having different optical path lengths) so as to provide a 
birefringent effect when the two components are recombined. This process is repeated 
as necessary and additional birefringent elements (comprised of additional polarization 
beam splitters, additional quarter-wave waveplates and additional mirrors) so as to 
provide the desired birefringent filtering effect. The equivalent angle of each birefringent 
element is determined by the half-wave waveplate through which light is transmitted 
prior to entering the polarization beam splitter. 

[0086] Thus, after light has passed through half-wave waveplate 34 and 
intermediate beam displacer 18, the light has been separated into odd and even 
channels. Half-wave waveplates 35 aligns the odd and even channels in parallel in 
frame 24 of Figure 2b and performs a function analogous to that of half-wave 
waveplates 30. If only cross-talk mitigation is required, it is not necessary to make the 
polarization directions of the odd channels and the even channels in parallel. However, 
it is necessary that they each be either parallel or perpendicular with respect to the 
equivalent input polarization direction of incident light at this location. 

[0087] Prism 13 deflects light through polarization beam displacer 18 and back 
into the birefringent element assembly 12 where the light passes through half-wave 
waveplates 35, polarization beam splitter 19b, quarter-wave waveplate 24b, quarter- 
wave waveplate 22b, half-wave waveplate 32a, quarter-wave waveplate 24a, and 
quarter-wave waveplate 21a. while being reflected by mirrors 14a, 14b, 15a and 15b in 
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a manner analogous to the nnanner in which light is transmitted through birefringent 
element assembly 12 in the first direction. 

[0088] Light which has been transmitted back through the birefringent element 
assembly 12 as transmitted through half-wave waveplates 31 and output polarization 
beam displacer 11 so as to form two light beams, one of which contains the odd 
channels and the other contains the even channels. 

a [0089] When only two birefringent elements are utilized, then the order of the 
m birefringent elements is not important. That is, if a first equivalent angle and first phase 

: 

delay is associated with the first birefringent element and a second equivalent angle and 
second phase delay associated with the second birefringent element, an equivalent 
™a interleaver is constructed by making the first birefringent element have the second 
fj equivalent angle and the second phase delay and making the second birefringent 

yl 

O element have the first equivalent angle and the first phase delay. 

Ms 

[0090] After the optical beams propagate from location 0 to location 22, they have 
been subject to an effect equivalent to that of a two-element birefringent filter or 
interleaver utilizing birefringent crystals, where the orientation of the first birefringent 
crystal is cpi = 45° (phase delays ) and the orientation of the second birefringent 

crystal is 92 = -15°(phase delays r2 ), both with respect to the input polarization direction 

of the foHA/ard light. The beam components V and 2' (odd channels) as well as the 
beam components 3* and 4'(even channels) correspond to the two series of interleaved 
channels. 
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[0091] The half-wave waveplate at location 23 changes the optical beam 
polarization directions in such a way that they align the polarization directions of the odd 
and the even channels along the same direction. After the optical beams propagate 
from location 24 to location 43, they have been subject to an effect equivalent to that of 
another two-element birefringent filter or interleaver utilizing birefringent crystals, where 
the orientation of the first birefringent crystal is 90°-(p2 = 105'*(phase delays Tj) and the 

orientation of the second birefringent crystal is 90°-^>^ = 45** (phase delays r,), both with 
respect to the input polarization direction of the returning light at location 24. 

[0092] Thus, the dispersion caused by optical beams propagating from location 
22 to location 43 cancels the dispersion caused by optical beams propagating from 
location 0 to 22. In addition, the half-wave waveplates at various locations in the 
apparatus are controlled to ensure that the optical beams are polarized along the 
appropriate direction required to obtain the desired passband and stopband 
characteristics. 

[0093] In Fig. 2b, the two output beams 1" and 2" (even channels) and 3" and 4" 
(odd channels) are the two series interleaved channels having zero or approximately 
zero dispersion. 

[0094] Referring now to Figure 3, the dispersion provided by the two-element fold 
interleaver of Figs. 1 , 2a and 2b is shown for one of the interleaved channels. Similarly, 
Figure 4 shows the phase vs. wavelength and Figure 5 shows the transmission vs. 
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wavelength for the two-element fold interleaver of Figure 1 , where the equivalent 
birefringent orientation angles are 45°, -15° and phase delays are r , 2r , respectively. 

[0095] Referring now to Figure 6, the dispersion for a two-element non-fold 
interleaver having birefringent element orientations of 45° and -15*" and having phase 
delays of r and 2r is shown. It is clear that the dispersion of the non-fold interleaver 
shown in Figure 6 is substantially greater than that of the corresponding fold interleaver 
of Figure 3. Figure 7 shows the phase vs. wavelength and Figure 8 shows the 
transmission vs. wavelength for the two-element non-fold interleaver. 

[0096] Referring now to Figure 9, a top schematic view of a three-element fold 
interleaver is shown. The use of three birefringent elements can provide a flatter and 
wider passband and a deeper and wider stopband as compared to the two-element fold 
interleaver of Figure 1 . Structure and operation of the three-element fold birefringent 
filter is generally analogous to that of the two-element fold birefringent filter. 

[0097] Referring now to Figures 10a and 10b, the optical beam states and the 
quarter-wave and half-wave waveplate orientations at various locations for an 
exemplary three-element fold interleaver of Figure 9 are shown, where the equivalent 
birefringent element orientations are 45°, -21°, 7° and phase delays are r , 2r , 2r , 
respectively, for the three birefringent elements. The optic axis orientation angles of the 
quarter-wave and half-wave waveplates shown in Figs. 10a and 10b are referred to the 
+x axis at the corresponding locations. 
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[0098] Preferably, the phase delay for the second spacial birefringent element 
and the third spacial birefringent element of the three-element interleaver are twice that 
of the first spacial birefringent element L2;z'/;i, - IVlnIX, The channel 

spacing is determined by the phase delay of the first element (Tj ). The half-wave 

waveplates at various locations in the apparatus are controlled to ensure that the optical 
beams are polarized along the appropriate direction so that the desired passband and 
stopband characteristics are obtained. In Fig. 10b, The two output beams 1" and 2" 
(odd channels) and 3" and 4" (even channels) are the two series of interleaved channels 
of having zero or nearly zero dispersion. 

[0099] When three birefringent elements are utilized, as shown in Figure 9, then 
the equivalent angle and phase delay associated with the first birefringent element may 
be swapped with the equivalent angle and phase delay associated with the third 
birefringent element. That is, for a first birefringent element having a first equivalent 
angle and a first phase delay and a third birefringent element having a third equivalent 
angle and a third phase delay, then equivalent performance is obtained when the first 
birefringent element has the third equivalent angle and the third phase delay and the 
third birefringent element has the first equivalent angle and the first phase delay. 

[00100] Referring now to Figure 1 1 , the dispersion vs. wavelength for the three- 
element fold interleaver of Figs. 9, 10a and 10b for one of the interleaved channels is 
shown. The dispersion is zero or approximately zero for all wavelengths. 
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[00101] Figure 12 shows the phase vs. wavelength and Figure 13 shows the 
transmission vs. wavelength for the exemplary three-element fold interleaver of 
Figures 9, 10a and 10b. 

[00102] Referring now to Figure 14, the dispersion vs. wavelength for a non-fold 
interleaver having equivalent birefringent element orientation of 45°, -21° and 7° and 
having phase delays of r , 2r and 2r is shown. It is clear that the dispersion for the 
non-fold three-element interleaver shown in Figure 14 is substantially greater than the 
dispersion for the three-element fold interleaver shown in Figure 1 1 . 

[001 03] Further, it is also clear that the transmission characteristic of the fold 
interleavers of Fig. 5 (two-element) and Fig. 13 (three-element) are superior to those of 
the non-fold interleavers of Fig. 8 (two element) and Fig. 16 (three-element). More 
particularly, the stopband, the -30dB bandwidth is substantially wider for the fold 
interleaver than for the non-fold interleaver. Additionally, crosstalk of almost -80dB is 
obtained for the three-element fold interleaver, which is substantially better than that for 
the three-element non-fold interleaver. 

[00104] As those skilled in the art will appreciate, it is possible to obtain further 
improvements in the passband and stopband characteristics of such multi-element 
interleavers by providing greater than three birefringent elements. Thus, an interleaver 
may be formed so as to have four elements, five elements, or more elements, as 
desired. 
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[00105] Referring now to Figures 17 and 18, alternative layout configurations for 
two-element fold interleaver and the three-element fold interleavers are shown. The 
waveplates are omitted for clarity. 

[00106] Referring now to Figure 19, a one-element fold interleaver may be useful 
in some applications. Although dispersion in a one-element non-fold interleaver is zero, 
the use of a one-element fold interleaver provides enhanced stopband characteristics. 
More particularly, a wider stopband can be obtained with a one-element fold interleaver 
than can be obtained with a corresponding one-element non-fold interleaver. 

[00107] For the configuration of Figures 17-19, also for that of Figs. 1 and 9, the 
light beams can comprise a plurality or array of separate light beams or channels. 
Thus, a plurality of such channels can be processed simultaneously by a fold interleaver 
constructed according to the present invention. 

[00108] The fold interleavers of the present invention overcome many of the 
limitations associated with the optical, physical, mechanical and thermal properties of 
the birefringent crystal. For example, since a spacial distance determines the amount of 
birefringence obtained in any element of the birefringent element assembly, variable or 
tuned birefringence may be obtained by making at least one mirror of a element 
movable or by facilitating the introduction of different materials, having different indices 
of refraction, into at least one of the two optical paths of a spacial birefringent element. 
Thus, tunable fold interleaver can be constructed. 
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[00109] Because of the beam shift in the interleaver of the present invention is 
symmetric, the polarization mode dispersion (PMD) is minimized. 

[001 1 0] Thus, the fold interleaver of the present invention provides a low cost and 
small device size. It is worthwhile to note that the folded configuration of the interleaver 
of the present invention provides automatic device match between successive stages of 
birefringent filtering for effective mitigation of crosstalk and/or dispersion. That is, each 
pass through the birefringent assembly in a direction opposite to the previous pass 
therethrough apparently occurs through a birefringent element assembly which is 
matched to the birefringent element assembly which the light previously pass through 
since the light passes through the same birefringent element assembly in both 
instances. 

[001 1 1] Although specific examples of orientations for the waveplates described 
herein are given and specific values for the distance between the polarization beam 
splitter and the mirrors are given, those skilled in the art will appreciate the various other 
waveplate orientations and distance between polarization beams splitter and mirror can 
likewise be used. Further, the use of a 50 GHz interleaver by way of example only and 
not by way of limitation. Those skilled in the art will appreciate that various other 
channels spacing, particularly smaller channel spacings, may likewise be utilized. 

[001 12] One important aspect of this invention is the ability to control the 
difference in optical path length between the first and second paths in the spacial 
birefringent element, so that the birefringence value provided by this difference in optical 
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path length does not vary undesirably during operation of the invention, such as due to 
temperature changes. 



[00113] As those skilled in the art will appreciate, the birefringence values of a 
device determine the operational characteristics, i.e., transmission, dispersion, phase 
distortion, thereof. Therefore, it is very important that the optical path length differences 
(and consequently the birefringence values) remain substantially fixed during operation 
of the devices. 

[001 14] Portions of the first and second paths, other than the portions which 
contribute the optical path length differences, are less critical since these other portions 
do not determined birefringence values. Generally, portions of the first and second 
paths, other than the portions which contribute to the optical path length differences, 
tend to vary (changes in physical length and/or changes in an index of refraction 
thereof) in response to environment (e.g., temperature) changes by approximately the 
same amount, due to structural similarity and symmetry of the first and second paths, 
and thus do not generally tend to change the optical path length difference. Therefore, 
it is that portion of the first and second paths which directly provides the difference in 
optical path length that must be most carefully controlled. 

[00115] According to the present invention, the difference in optical path length 
between the first and second paths in a spacial birefringent element may optionally be 
controlled by inserting a material having desired optical, thermal and/or mechanical 
properties into at least the longer of the two paths, so as to substantially fix the optical 
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path length which defines the difference between the first and second paths. Thus, by 
inserting such a material into at least that portion of one path that defines optical path 
length difference, substantially more stable operation of the devices is achieved. 

[001 16] Optionally, according to the present invention, those portions of the first 
and second paths which do not contribute to the optical path length difference comprise 
air, vacuum or any other material. Of course, these portions of the first and second 
paths are inherently equal in physical lengths to one another (since they do not 
contribute to the optical path length difference). 

[0011 7] According to the present invention, birefringence is obtained by optical 
path length differences, which may occur in free space, e.g., air or vacuum. A material 
of desired optical, thermal, and/or mechanical properties and having a desired index of 
refraction may be inserted along desired portion of the light paths of the present 
invention. For example, such a material may be utilized to shorten any desired path 
lengths and/or to provide a difference in optical path lengths to achieve a birefringent 
effect. For example, both paths can have the same physical dimensions, and 
birefringence may be obtained by inserting material having desired optical properties, 
e.g., an index of refraction greater than one, so as to cause the two paths to have 
different optical paths lengths. There are many advantages to the present invention as 
compared to conventional interleavers which utilize birefringent crystals. For example, 
the difference in optical path length can be manipulated so as to provided desired, 
comparatively high, birefringence values. An ultra low expansion (ULE) or fused silica 
may be utilized as a gasket in device construction, so as to obtain excellent temperature 
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stability for the interleaver. Those skilled in the art will appreciate the various other 
materials having a very low thermal expansion coefficient are likewise suitable for use 
as such a gasket. 

[00118] Further, the optical path lengths may be made so as to be variable, thus 
providing adjustability of the birefringence value and a tunable interleaver. The 
interleaver of the present invention is simple in construction and low in cost. Thus, the 
™ present invention overcomes many of the limitations associated with contemporary 

us 0 

^ birefringent crystal interleavers, such as those limitations associated with the optical, 

.5 

1^ physical, mechanical and thermal properties of birefringent crystals. 

%J 

HI [001 19] It is important to appreciate that, as mentioned above, the phase delay 

Q necessary for providing a birefringent effect may be obtained by inserting a material 

fi having desired optical, thermal, and/or mechanical properties into at least a portion of 

^ either the first or second path in a spacial birefringent element. 

[00120] Although some examples discussed above utilize equivalent birefringent 
filter element angles of AS"", -21° and -7° and utilize phase delays of r , 2r and 2r , 
those skilled in the art will appreciate that various other angles and phase delays are 
likewise suitable. For example, phase delays of r , 2r and r may alternatively be 
utilized. 

[00121] The interleavers described herein are suitable for demultiplexing optical 
signals. Those skilled in the art will appreciate similar structures may be utilized to 
multiplex optical signals. 
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[00122] As those skilled in the art will appreciate, the waveplates which are utilized 
in the present invention can be replaced by other devices. Various devices and/or 
materials may alternatively be utilized to orient the polarization direction of light beams. 
For example, devices and/or materials which are responsive to applied voltages, 
currents, magnetic fields and/or electrical fields may be used to orient the polarization 
direction of light beams. Thus, the use of waveplates herein is by way of example only, 
and not by way of limitations. 

^ [00123] Further, when waveplates (either half-wave waveplates or quarter-wave 

%o 

^ waveplates) having identical orientations are dispose next to one another, then a 
common waveplate may be substituted therefor. 

y i 

s 

0 [00124] As used herein, the term gasket is defined to include any bracket, mount, 

01 

optical bench, host, enclosure or any other structure which is used to maintain 
rf components of the present invention in desired positions relative to one another. 

Preferably, such gasket is comprised of an ultra low expansion (ULE) material, fused 
silica or any other material having a very low thermal expansion coefficient. 

[00125] ' It is understood that the exemplary fold interleaver describe herein and 
shown in the drawings represents only presently preferred embodiments of the 
invention. Indeed, various other modifications and additions may be made to such 
embodiments without departing from the spirit of scope of the invention. For example, 
those skilled in the art will appreciate that various other means for providing spacial 
birefringents are likewise suitable. Additionally, those skilled in the art will appreciate 
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that various different configurations of the represent invention, using various different 
paths and various different components for defining such paths are likewise suitable. 
Thus, this and other modifications and additions may be obvious to those skilled in the 
art may be implemented to adapt the present invention for use in a variety of different 
applications. 



m 

i . 
\J 

Ul 



m 



DOCSOC\830795v1\1 2569.0004 



44 



